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Introduction spruce (Picea sitchensis (Bong) Carr.) by an identical
Compression wood is formed in stems of conifers as a procedure. Equal amounts of proteins were separated corrective reaction to a bending from the perpendicular by SDS-PAGE, and polypeptides were identified that and is formed naturally on the underside of horizontally were more abundant in soluble and cell wallorientated branches (Fahn, 1982) . Compression wood associated extracts from the developing xylem of differs from opposite or non-compression wood in the either compression or non-compression wood. Two ultrastructure of its tracheids and in the structure and polypeptides (at apparent M r s of 48 kDa and 120 kDa) composition of their secondary cell walls ( Timell, 1973 , that were more adundant in cell wall-associated 1986). Compression wood tracheids are uniform and lack extracts of the developing xylem of the compression the differences found between earlywood and latewood tissues were selected for amino-terminal protein tracheids of non-compression wood. They are generally sequencing. The 48 kDa polypeptide yielded an aminoshorter, are more rounded and have characteristic intercelterminal sequence that had no homology with known lular spaces. The secondary cell walls of compression protein, gene or EST database sequences. The aminowood tracheids are noticeably thicker, but they are comterminal sequence of the 120 kDa polypeptide was posed of only two layers (S1 and S2) compared with homologous to a number of laccase-type polyphenol three layers in non-compression wood. The cell walls of oxidases (EC 1.10.3.2) thought to be involved in lignin compression wood tracheids contain more lignin, less biosynthesis in trees. Using non-denaturing SDScellulose and altered levels of matrix hemicelluloses PAGE, the 120 kDa laccase was confirmed as a major including unique polysaccharides. Approximately 90% of oxidase activity in extracts of lignifying compression lignin is present in the secondary cell wall layers, particuxylem but it was barely detectable in the nonlarly in the lumen side of the S2 layer [S2(L)], with compression extracts where an 85 kDa oxidase was correspondingly less lignin in the middle lamella and the predominant activity. The differential expression primary cell wall. Compression wood lignin also has an of oxidases in compression and non-compression elevated content of p-hydroxyphenylpropane units xylem is discussed.
(Monties, 1989) with altered inter-unit bonding compared extracts. The use of high-salt buffers to enrich cell wallto non-compression wood (Nimz et al., 1981) . As a associated proteins is a well-known technique (Fry, 1988) .
consequence of these differences in structure and composi- reported.
compared after SDS-PAGE in 10% and 12.5% acrylamide gels to ensure that polypeptides in the compression and non-compression extracts co-electrophoresed under different conditions.
Materials and methods

Plant material
Non-denaturing SDS-PAGE (ND SDS-PAGE) Branches (maximum 15 cm diameter) of Sitka spruce (Picea This procedure was carried out as described before (Richardson sitchensis (Bong) Carr.) were obtained from a single clone in et al., 1997). The procedure was similar to conventional the Forest Research clone bank at Ledmore, Perth and Kinross, SDS-PAGE but samples were prepared in buffer lacking Scotland, in late May 1998. In the laboratory, the branches b-mercaptoethanol and SDS and were not boiled. Marker were cut into approximately 50 cm lengths, the bark removed proteins were boiled to ensure that they were denatured. Gels and the developing xylem was carefully scraped from the old were stored overnight at 8°C before use to quench endogenous wood on the compression and non-compression sides of each oxidants. Running buffer was chilled prior to use and gels branch and frozen. The scraped tissues contained only enlarging were run at 8°C to maintain enzyme activity. After normal and differentiating xylem cells. The extent of formation of electrophoresis, oxidase-like activity was detected using either compression wood on the underside of branches was estimated 6.9 mM a-naphthol/8.4 mM N,N,N∞,N∞-tetramethyl p-phenylene by its darker colour.
diamine (a-naphthol/TMPD) or 0.2 mM diaminofluorene (DAF ) in 100 mM sodium acetate buffer pH 5.0. The pattern of oxidase-like activities was the same using either substrate Extraction procedure and was not influenced by the addition of 100 mg ml−1 catalase Compression and non-compression tissue (~100 g per extrac-(Sigma product no. C-30). Six replicate gels were run to confirm tion) was extracted by the method outlined previously (Deighton the consistency of the pattern of oxidase-like activities. Staining and McDougall, 1998) . The compression and non-compression was complete within 20 min and, after oxidase-like polypeptides samples were extracted using the same set of buffers and under had been noted, peroxidase activity was visualized by the identical conditions. In brief, the tissue was homogenized in addition of 1 mM hydrogen peroxide. ice-cold homogenization buffer [25 mM MOPS pH 7.0 containing 0.5% (v/v) polyvinylpyrrolidine (PVP) and 0.5 mM Amino-terminal protein sequencing phenylmethylsulphonyl fluoride (PMSF )] using a Waring blender then an Ultra-Turrax disintegrator. The soluble fraction Equal amounts of protein (100-200 mg) from compression and non-compression extracts were precipitated using acetone then was obtained after filtration through glass-fibre filters ( Whatman GF/A). The insoluble residues were re-homogenized in fresh prepared in Nu-PAGE sample buffer according to the manufacturer's instructions (NOVEX, San Diego, USA). The samples buffer that lacked both PVP and PMSF, these filtrates were discarded and the entire procedure was repeated three times.
were separated by electrophoresis in pre-cast gradient (4-12% polyacrylamide) gels using the Nu-PAGE MES running buffer. The insoluble residues (crude cell walls) were then extracted with 25 mM MOPS, pH 7.0, containing 200 mM CaCl 2 (ConA The gel was blotted onto PVDF membrane using the Nu-PAGE blotting system and stained with Amido black. The abundance buffer) for 1 h on ice with stirring to obtain the cell wall of target polypeptides was checked against initial silver-staining results and suitable polypeptides were excised for protein sequencing. The amino-terminal sequence of the excised polypeptides was determined using a PROCISE 492 protein sequencer using a modified Edmann degradation method optimized for PVDF blots (Applied Biosystems, Warrington, UK ).
Sequence similarities were determined using the 'BLITZ' method against the non-redundant protein and DNA databases maintained by the European Bioinformatics Institute (http://www2.ebi.ac.uk/bic−sw). Similarities to non-redundant EST sequences were determined using the BLASTN series of programmes using the database of expressed sequence tags (ESTs) maintained by the National Centre for Biotechnology Information (http://www2.ncbi.nih.gov/dbEST ) and the Loblolly pine cDNA sequence analysis project jointly run by the University of Minnesota and North Carolina State University (http://www.cbc.umn.edu/ResearchProjects/index.html ). The positions of N-terminal residues of DNA sequences were Oxidase activity was determined by measuring the formamolecular mass marker proteins (175, 83, 62, 47.5, 32.5, 25, and 16 kDa). tion of the oxidized chromophore of 2, 2∞-azinobis (3-ethylbenzothiazoline-6-sulphonic acid ) (ABTS ) at 420 nm over a fixed period (Sterjiades et al., 1992) . Monolignol oxidase compare lanes E and F ). There were differences in the bound extract ( Fig. 1; lane F ) . Polypeptides that were more abundant in the high salt extracts (48 kDa) and the ConA-bound extracts
Results
(120 kDa) from compression wood xylem (Fig. 1) were selected for amino-terminal sequencing. The 48 kDa polyPolypeptides at apparent M r values of 66, 62, 58, and 47 kDa were more abundant in the soluble extracts of peptide yielded an amino-terminal sequence that had no significant homology with any sequence in DNA, protein the compression tissue and the polypeptides at 66 kDa and 62 kDa and were barely detected in the nonor EST databases ( Table 1 ). The 120 kDa polypeptide was much more abundant in the extracts obtained from compression extracts ( Fig. 1; compare lanes A and B) . The polypeptides at 60, 54, 46, 44, and a doublet at the cell walls of compression tissue using high salt ( Fig. 1 ; lane C and D) and the corresponding ConA-bound extract 42 kDa were more abundant in the soluble extracts of the non-compression tissue, but none of these polypepthan the similar extracts from non-compression tissue ( Fig. 1 ; lane E and F ). This strongly suggests that this tides was unique to the non-compression tissue.
Polypeptides at apparent M r values of 120, 78, 60, 54, polypeptide was a cell wall-associated glycoprotein (McDougall, 1997) . The compression abundant 120 kDa and 48 kDa were more abundant in the cell wall extracts from compression tissue, but no polypeptide was more polypeptide yielded an amino-terminal sequence that was homologous with a number of plant laccases ( Table 1) . abundant in the equivalent non-compression extract ( Fig. 1; compare lanes C and D) . A polypeptide with an
The greatest homology was with one of the four laccase genes from the developing xylem of Liriodendron apparent M r of 120 kDa was much more abundant in the ConA-bound extract of the compression tissue whereas a tulipifera, laccase 2-4 (65% identity and 85% similarity), whereas the other Liriodendron genes had lower homology polypeptide at 34 kDa was more abundant in the ConAbound extract of the non-compression tissue (Fig 1; ( Lafayette et al., 1999) . The Sitka sequence also had The blank cycle at residue 17 of the 120 kDa protein was preceded and followed by good quality cycle peaks and coincides with an asparagine residue in a potential N-glycosylation consensus sequon (i.e. N-X-S/T where X can be any amino acid residue except P; see Hubbard and Ivatt, 1981) in all the other sequences. Therefore, this blank cycle was most likely to be due to a glycosylated asparagine residue as the hydrophilic glycosylated-Asn-anilinothiazolinone (ATZ) derivative formed during Edmann degradation is not recovered. considerable homology to an Arabidopsis EST for a like activities with apparent M r values of 128, 85 and 60 kDa were readily identified in the compression extracts putative laccase ( T9I4.21), a laccase from tobacco ( Kiefer-Meyer et al., 1996) and a laccase (Poplar-110) ( Fig. 2 , lane B, filled arrows) whereas the noncompression extract appeared to contain only the 85 and from poplar xylem (Ranocha et al., 1999) . In addition, the amino-terminal sequence of the Sitka protein could 60 kDa oxidase-like activities (Fig. 2 , lane A, filled be aligned exactly with the amino-terminal residues predicted (Nielsen et al., 1997) or observed for these proteins.
Moreover, the 120 kDa polypeptide had homology (53% identity) with an EST sequence from the developing xylem of compression wood of Loblolly pine (Pinus taeda) which, in turn, had considerable homology to other plant laccase genes over its full sequence (Allona et al., 1999) . This confirms that the 120 kDa polypeptide is a conifer laccase. This is the first report of a protein sequence of a conifer laccase although a laccase has been purified (Bao et al., 1993) and laccase-like sequences have been identified in EST programmes from Loblolly pine (Allona et al., 1999) .
The total and specific oxidase activities of the cell wallassociated extracts from the developing compression and compression and non-compression xylem. Three oxidase- aValues are the mean of quadruplicate assays±standard error.
arrows). In fact, the 128 kDa oxidase-like activity was Sitka spruce. These proteins may influence the development of the differences in wall structure characteristic of present in the non-compression extract but it was very compression wood tracheids, and are targets for protein faint and was more readily visualized after prolonged sequencing. A simple one-dimensional electrophoretic (1 h) staining.
separation was sufficient to identify target proteins in the The oxidase-like activities with apparent M r values of cell wall-associated extracts. However, it is clear that 128 and 85 kDa did not darken upon the addition of more powerful, two dimensional methods using isoelectric hydrogen peroxide whereas the diffuse activity at around focusing and SDS-PAGE, such as those employed by 60 kDa darkened and a peroxidase activity at around Sitbon et al. in their study of proteins expressed during 40 kDa appeared (results not shown). This confirms that cambial reactivation in Scots pine (Sitbon et al., 1993) , the 128 and 85 kDa oxidase-like activities were not caused would be required to resolve the large number of proteins by peroxidase activity. in the soluble extracts. As proteins often migrate aberrantly under nonTwo compression xylem-abundant polypeptides were denaturing conditions (Richardson et al., 1997) , 1997) .
[e.g. XET (Fry, 1995) and expansins (Cosgrove, 1997)] The ConA-bound extracts from the compression and have been found to be cell wall-associated, these unique non-compression tissues had similar oxidase activity proteins represent a large reservoir of enzymes with against ABTS, but they had different abilities to oxidize unknown but potentially commercially interesting monolignols ( Table 3) . Both extracts had the same order properties. of preference (sinapyl alcohol>coniferyl alcohol>
The 120 kDa polypeptide was demonstrated to be a p-coumaryl alcohol ), but the compression extract was laccase-type polyphenol oxidase ( EC 1.10.3.2) by homoless able to oxidize coniferyl alcohol than the nonlogy of its amino-terminal protein sequence with known compression extract. plant laccase sequences. Further examination using nondenaturing SDS-PAGE also suggested that this laccase was a major oxidase activity in the compression xylem Discussion extracts. In comparison, the 120 kDa laccase activity The comparative protein-based approach identified a could barely be detected in the non-compression xylem number of cell wall-associated proteins that were more extracts where the predominant activity was an 85 kDa abundantly expressed in the developing xylem of the oxidase which may be similar to the oxidase previcompression or non-compression tissues of branches of ously identified (Richardson et al., 1997) and purified (McDougall, 1998) from developing Sitka xylem. seems likely that other families of laccase genes in poplar (Ranocha et al., 1999) and tobacco ( Kiefer-Meyer et al., extraction methods could enrich proteins from other 1996) are also subject to site-or developmental-specific subcellular locales, such as integral membrane proteins expression. Allona et al. reported six laccase-like genes in ( Tani et al., 1998) . The subpopulations of proteins their survey of ESTs from the developing xylem of obtained may be more easily compared and completely compression wood of Loblolly pine (Pinus taeda) (Allona resolved for sequencing (Robertson et al., 1997 (Robertson et al., ) than the et al.,1999 ). However, the comparative level of expression thousands of proteins that make up the complement of of laccases in compression and non-compression tissues expressed proteins or 'proteome' (Anderson and was not reported.
Anderson, 1998) of developing xylem cells (Sitbon This differential expression of oxidases in the lignifying, et al., 1993) developing compression and non-compression xylem suggests separate functions for these enzymes. As well as an
